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We study colloidal particles in a nematic-liquid-crystal-filled microfluidic channel and show how
elastic interactions between the particle and the channel wall lead to different particle dynamics
compared with conventional microfluidics. For a static particle, in the absence of a flow field, the
director orientation on the particle surface undergoes a rapid transition from uniform to homeotropic
anchoring as a function of the anchoring strength and the particle size. In the presence of a flow field,
in addition to fluid viscous stresses on the particle, nematic-induced elastic stresses are exerted as a
result of the anchoring conditions. The resulting forces are shown to offer the possibility of size-based
separation of individual particles. For multi-particle systems, the nematic forces induce inter-particle
attraction induces particle attraction, following which the particles aggregate and reorientate. These
results illustrate how coupled nematic-hydrodynamic effects can affect the mobility and spatial
reorganization of colloidal particles in microfluidic applications.
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I. INTRODUCTION
Nematic liquid crystals (NLCs) are important exam-
ples of complex anisotropic fluids with special distin-
guished directions [1]. NLCs combine the intrinsic flu-
idity of liquids with long-range orientational ordering
of the constituent rod-like molecules. The orientational
order couples with the flow and induces novel effects
compared with isotropic Newtonian fluids, such as back-
flow, anisotropic stresses and multiple viscosities. The
study of NLCs in microfluidic environments is relatively
new, with substantial experimental interest since around
2011. Subsequently, experimentalists have highlighted
the immense potential of NLC microfluidics for trans-
port, mixing and particle separation [2, 3], while the
ability of NLCs to spontaneously organize micron-size
particles into regular patterns shows great promise [4].
For example, it is possible to generate defect or disclina-
tion lines in a NLC microfluidic set-up with an appro-
priate choice of boundary conditions, material parame-
ters, temperature and flow effects and these defect lines
can naturally attract colloidal particles or micro-cargo,
which are subsequently transported along these lines as
self-assembled chains [3]. Further, the forces facilitating
spatial-reorganization of colloidal dispersions in a NLC
medium are two to three orders of magnitude higher than
in water-based colloids [5, 6].
Our work is largely motivated by the experiments con-
ducted by Sengupta et al. in [2]. Here the authors study a
NLC microfluidic set-up experimentally and numerically
in three different flow regimes: weak, medium and strong,
and report on both the flow profiles and the averaged lo-
cal molecular alignment profiles, referred to as “director”
profiles in the continuum modelling literature. The top
and bottom surfaces are treated to induce homeotropic
boundary conditions, so that the nematic molecules are
preferentially aligned along the normal to the boundary
surfaces, or equivalently the continuum “director” is par-
allel to the normal to the boundary. A flow is induced
by applying a pressure gradient at the inlet and the ob-
servations seem to be invariant across the width of the
cell, rendering it to be a largely two-dimensional prob-
lem. The weak regime in [2] is dominated by the elastic
effects of the long-range orientational order with a non-
Poiseuille flow profile. The medium regime shows com-
plex coupling between the two effects and the flow pro-
file has an interesting double-peak structure across the
height of the cell. The usual Poiseuille flow is observed
in the strong flow regime. The director profile switches
from a bend-type V state to a splay-type H profile as
the flow strength increases and the effect of variations in
temperature are also investigated.
We model the motion of particles in the experimental
framework reported in Sengupta et al. [2], using the hy-
drodynamic equations for nematodynamics reported in
[7]. We model a cross-section of the channel, which in-
cludes the top and bottom channel surfaces and the flow
direction, as a rectangle with normal boundary condi-
tions for the nematic director at the top and bottom.
The nematic molecules are free at the lateral sides and
the flow is induced by a pressure gradient across the
length of the rectangle with no-slip conditions on the
walls, consistent with experiments. We introduce spher-
ical particles into the channel and the nematic director
is preferentially anchored normal to the particle bound-
aries, although we allow for variable anchoring strength
on the particle boundaries. Our manuscript focuses on
three separate aspects: (i) a static particle at the centre
with variable anchoring strength on its boundary, (ii) the
forces experienced by a particle inclusion due to hydro-
dynamic effects, nematic stresses and attractive forces in-
duced by the boundary conditions and (iii) the dynamics
of two and three particles in a NLC microfluidic environ-
ment including the transient dynamics.
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2We mathematically model this NLC microfluidic envi-
ronment using the nematodynamics formulation as used
in [7]. The state of nematic alignment is described by
a two-dimensional (2D) Landau-de Gennes (LdG) Q-
tensor, which is a symmetric traceless two-by-two matrix
with two degrees of freedom: an angle θ that describes
the preferred in-plane alignment of the nematic molecules
or the direction of the nematic director n, and a scalar
order parameter, s, that is a measure of the degree of
alignment about the director n. For example, vanishing
s corresponds to no local molecular ordering and is often
a signature of optical defects. We note that the general
LdG approach uses a three-dimensional LdG Q-tensor
with five degrees of freedom, but our assumption is com-
patible with in-plane alignment of the nematic molecules
i.e., assuming that the nematic molecules are confined to
the plane of our 2D domain and a 2D flow profile. A 2D
LdG approach has been successfully used for modelling
certain planar bistable liquid crystal devices, and the in-
terested reader is referred to [8–11] for some examples.
We assume an incompressible flow field, consistent
with Sengupta et al.’s [2] experiments and the nematody-
namic model is defined by evolution equations for both
the flow field and the LdG Q-tensor. There are nonlinear
coupling terms between the flow field and the Q-tensor
in both evolution equations, with new nematic stresses
not encountered in conventional fluids.
We numerically investigate how the spherical inclu-
sions interact with the NLC environment without and
with flow, for both static and moving particles. The first
example concerns a static particle in the NLC microflu-
idic cell with no fluid flow. For a given anchoring strength
on the particle boundary, we study the director profile
around the spherical inclusion as a function of the par-
ticle size and reciprocally, for a given particle size, we
investigate the surrounding director profile as a function
of anchoring strength. In both cases, there is a narrow
window of parameters within which the director orien-
tation on the particle boundary switches from uniform
to normal/homeotropic and we numerically explore the
switch in different cases. We then systematically study
the force experienced by the particle including the ef-
fects of a flow field, the anchoring coefficient W , and the
particle size. In particular, for a given W and flow field
parameter, there is a critical particle size such that, in
contrast to conventional liquids, the force attains a max-
imum at this critical particle size and actually decreases
for larger particles owing to the attractive forces exerted
by the boundaries, We conclude by numerically studying
the motion of two and three colloidal particles in the mi-
crofluidic channel, including the transient re-alignment
dynamics, how the particles get attracted to each other
and are transported through the channel as an agglom-
erate.
The paper is organized as follows. In Section II, we
review the theory, the relevant non-dimensionalizations,
the force exerted on colloidal inclusions in a NLC mi-
crofluidic set-up and the numerical methods. We present
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FIG. 1. Schematic of the problem definition and system ge-
ometry.
the results in Section III and the conclusions in Section
IV.
II. THEORY
We consider a 2D microfluidic channel (parallel-plate
geometry) filled with NLC as shown in Fig. 1. The di-
rector orientation is labelled by the angle θ so that the
nematic director n = (cos θ, sin θ), and the spherical par-
ticle boundary is parameterized by the angle φ, where
both angles are defined with respect to the horizontal
axis. We apply strong homeotropic anchoring conditions
on the channel walls (modelled by Dirichlet conditions)
while the anchoring conditions on the spherical colloidal
particle are varied from weak to strong in terms of an an-
choring coefficient. The fluid flow in the device is driven
by an external pressure difference and is also influenced
by the stress due to the NLC orientational ordering. We
impose no slip and no penetration boundary conditions
on the channel walls and particle surface.
We first numerically compute the director profile inside
the channel in the absence of a flow field and system-
atically study how this varies with anchoring strength
W , on the particle surface. A substantial amount is
known about static spherical inclusions inside NLC en-
vironments and we provide new quantitative insight into
how the director orientation effectively switches from uni-
form (no anchoring) to normal (strong anchoring) within
a small range of values of W and particle sizes. We then
consider the force experienced by the spherical particle
(held in place at the channel centre) due to hydrodynamic
drag and the NLC stress acting on the particle surface,
again as a function of flow, size and W ; and dynamics
of a single as well as multiple particles when these are
allowed to migrate from the predefined initial location.
The flow hydrodynamics are described by the incom-
3pressible Navier–Stokes equations with an additional
stress (σ) due to orientational ordering of the NLC [7,
12],
∇ · u = 0, (1)
ρ
(
∂u
∂t
+ u · ∇u
)
= −∇p+∇ · (µ[∇u+ (∇u)′] + σ).
(2)
Here ∇ =
(
∂
∂x ,
∂
∂y
)
, ρ and µ are the density and vis-
cosity of the fluid medium respectively, p represents
the hydrodynamic pressure, u is the fluid velocity and
µ[∇u + (∇u)′] is the viscous stress experienced by the
fluid ([∇u]′ is the transpose of ∇u). The stress due to
the NLC (σ) is given by [2, 7, 13–15],
σ = −λsh+ qh− hq, (3)
where, s =
√
2|q| is the scalar order parameter; h is the
molecular field, which controls the relaxation to equilib-
rium and is given by
h = κ∇2q −Aq − C|q|2q. (4)
Here, q is the nematic order parameter, a symmetric
and a traceless second rank tensor having non-zero equal
eigenvalues, used to describe the orientational order of
the liquid crystals and referred to as the two-dimensional
LdG tensor [16],
q =
(
q11 q12
q12 −q11
)
; (5)
κ is the elastic constant of the liquid crystals, A and C
are material and temperature-dependent coefficients and
λ is the (dimensionless) NLC alignment parameter, which
reflects whether the response of the NLC is affected by
the fluid strain or vorticity and is determined experimen-
tally [14, 17, 18].
The tensor q and the director n are related by q =
s (n⊗ n− I2/2) where I2 is the identity matrix in 2D
and s2 = 2|q|2. We can recover the director angle in
the 2D system by the relation θ = 12 tan
−1(q12/q11). We
also think of q as being a 2D vector with two indepen-
dent components, q = (q11, q12) where q11 =
s
2 cos 2θ
and q12 =
s
2 sin 2θ. In [7], the evolution equation for the
q-tensor is given by [7, 12, 19]
∂q
∂t
+u · ∇q = 1
2
λs[∇u+ (∇u)′] + qω − ωq+ 1
Γ
h, (6)
where Γ is the rotational diffusion coefficient [14] and
ω = ∇ × u is the vorticity tensor. We impose strong
homeotropic boundary conditions on the channel bound-
aries so that
q =
(
2|A|
C
)1/2(
ν± ⊗ ν± − I2
2
)
, (7)
where here ν± = (0,±1) correspond to the unit outward
normals to the channel walls at y = ±L2, where L2 is the
channel half height, and I2 is the 2D identity matrix.
We note that for homeotropic anchoring, ν± = n, the
director at the walls.
On the particle surface we apply a mixed anchoring
condition,
−κ∇q11 · νp = w
(
q11 +
√
A
2C
)
, (8)
−κ∇q12 · νp = wq12, (9)
where νp is the unit normal to the particle surface and
w is an anchoring strength parameter. When w = 0,
we reduce to the Neumann boundary conditions, while
w →∞ is the strong homeotropic anchoring limit.
A. Non-dimensionalization
We non-dimensionalize equations (1)–(6) by applying
the following scalings:
X =
x
L2
, Y =
y
L2
, U =
u
u0
,
V =
v
u0
, P =
pL2
µu0
, T =
u0t
L2
, (10)
where u0 is the mean channel velocity and µ is the viscos-
ity of the fluid. The dimensionless versions of Eqs. (1)–(4)
are then
∂U
∂X
+
∂V
∂Y
= 0, (11)
Re
(
∂U
∂T
+ U
∂U
∂X
+ V
∂U
∂Y
)
= − ∂P
∂X
+
∂2U
∂X2
+
∂2U
∂Y 2
+
1
Er
|A∗|
2C∗
∂
∂X
(−λSH11) + 1
Er
|A∗|
2C∗
∂
∂Y
(−λSH12− η),
(12)
Re
(
∂V
∂T
+ U
∂V
∂X
+ V
∂V
∂Y
)
= −∂P
∂Y
+
∂2V
∂X2
+
∂2V
∂Y 2
+
1
Er
|A∗|
2C∗
∂
∂X
(−λSH12 + η) + 1
Er
|A∗|
2C∗
∂
∂Y
(λSH11).
(13)
Here H is the dimensionless molecular field described by
H =
∂2Q
∂X2
+
∂2Q
∂Y 2
−A∗
(
1 +
1
4
S2
)
Q, (14)
where A∗ = AL22/κ, C
∗ = CL22/κ, H = h
L22
κ
√
2C∗
|A∗| ,
Q = q
√
2C∗
|A∗| , η = 2(Q12H11−Q11H12), and S = s
√
2C∗
|A∗| ;
Er = u0µL2/κ denotes the Ericksen number, which rep-
resents the ratio of the viscous to elastic forces due to the
4NLC and Re = ρu0L2/µ is the Reynolds number, which
indicates the relative magnitude of the inertial to viscous
forces. In microfluidic flows, Re 1 (Table I gives typi-
cal operating regimes 10−6 < Re < 10−3), which reduces
Eqs. (12)–(13) to a Stokes flow (where the inertial terms
on the left-hand side are ignored), so that
∂P
∂X
=
∂2U
∂X2
+
∂2U
∂Y 2
+
1
Er
|A∗|
2C∗
∂
∂X
(−λSH11)
+
1
Er
|A∗|
2C∗
∂
∂Y
(−λSH12 − η), (15)
∂P
∂Y
=
∂2V
∂X2
+
∂2V
∂Y 2
+
1
Er
|A∗|
2C∗
∂
∂X
(−λSH12 + η)
+
1
Er
|A∗|
2C∗
∂
∂Y
(λSH11). (16)
For the flow problem, we apply the following boundary
conditions: no slip and no penetration on the channel
walls and particle surface,
U = 0, V = 0, (17)
on Y = ±1 ∀X and X2 + Y 2 = R2, where R = r/L2
is the dimensionless radius of the colloidal particle and
pressure boundary condition at the channel entrance and
exit,
P = 1 on X = −L1/2L2, −1 ≤ Y ≤ 1, (18)
P = 0 on X = L1/2L2, −1 ≤ Y ≤ 1. (19)
The dimensionless versions of the evolution equa-
tions (6) are
∂Q11
∂T
+ U
∂Q11
∂X
+ V
∂Q11
∂Y
= λS
∂U
∂X
−Q12
(
∂V
∂X
− ∂U
∂Y
)
+
µ/Γ
Er
H11, (20)
∂Q12
∂T
+ U
∂Q12
∂X
+ V
∂Q12
∂Y
=
1
2
λS
(
∂V
∂X
+
∂U
∂Y
)
−
Q11
(
∂V
∂X
− ∂U
∂Y
)
+
µ/Γ
Er
H12.
(21)
Note that while the inertial terms may be ignored due
to the smallness of Re, the corresponding terms in the
Q-tensor equation (the left-hand side of Eqs. 20 and 21)
are order one and so cannot be neglected. At the channel
walls we impose strong homeotropic boundary conditions
which translate to (referring to Eq. 7),
Q11 = −1, Q12 = 0. (22a,b)
The anchoring conditions on the particle, (8), become
− ∇˜Q11 · νp = W (Q11 + 1), (23a)
− ∇˜Q12 · νp = WQ12, (23b)
where ∇˜ = (∂/∂X, ∂/∂Y ) is the dimensionless gradient
operator, and W = wL2/κ is the dimensionless anchoring
parameter.
B. Force exerted on the particle
The total dimensional force (per unit length), f , ex-
perienced by a particle of radius r, placed within the
nematic fluid can be expressed as a line integration of
the total stress acting on the particle [20–22],
f =
∫
ψ
(− pI + µ[∇u+ (∇u)′] + σ) · νp dξ, (24)
where ψ describes the perimeter of the circular particle.
The displacement of the particle due to the force f can
be calculated from the Stokes drag equation
f = 3piµ(u− x˙p), (25)
where xp = (xp, yp) denotes the instantaneous position
of the centre of the particle and a dot represents differ-
entiation with respect to time.
Non-dimensionalizing Eq. (24) via (10) and choosing
the natural force scaling F = f/µu0 gives the dimen-
sionless drag (Fx) and lift (Fy) components of the force
experienced by the particle (i.e., the forces in the x and
y directions, respectively),
Fx =
∫
Ψ
[(
2
∂U
∂X
− P − 1
Er
|A∗|
2C∗
λSH11
)
νx
+
(
∂U
∂Y
+
∂V
∂X
− 1
Er
|A∗|
2C∗
(λSH12 + η)
)
νy
]
dΩ, (26)
Fy =
∫
Ψ
[(
∂U
∂Y
+
∂V
∂X
− 1
Er
|A∗|
2C∗
(λSH12 − η)
)
νx
+
(
2
∂V
∂Y
− P + 1
Er
|A∗|
2C∗
λSH11
)
νy
]
dΩ, (27)
where Ψ describes the perimeter of the particle in the
dimensionless domain and νp = (νx, νy). The dimen-
sionless version of (25) reads as
3pi(U − X˙P ) = Fx, (28a)
3pi(V − Y˙P ) = Fy, (28b)
where X˙P = dXP /dT and Y˙P = dYP /dT are the respec-
tive dimensionless particle velocity components.
C. Computational details
The numerical computations are carried out us-
ing the finite-element-based commercial package COM-
SOL v5.2 [24–28]. The discretization of the variational
form of the governing equations follows the standard
Galerkin formalism [29]. To save computational cost,
5TABLE I. Typical values of the physical parameters
Parameter Typical values
[units] [reference]
Elastic constant, κ [pN ] 40 [2]
Length of the microchannel, L1 [µm] 50
Half-height of the microchannel, L2 [µm] 10
Particle radius, r [µm] 3
Mean fluid velocity, u0 [µm/s] 10
Rotational diffusion constant, Γ [Pa s] 7.3 [2]
Viscosity, µ [Pa s] 0.01 [23]
NLC material property, A [MJ/m3] -0.172 [2]
NLC material property, C [MJ/m3] 1.72 [2]
Dimensionless parameters used in calculation
NLC alignment parameter, λ 1 [2]
Dimensionless particle radius, R 0.3
Reynolds number, Re 0.0001
Ericksen number, Er 0.001 – 10
Parameter, |A∗|/C∗ 0.1
Relative anchoring strength, logW 3
the Jacobian matrix is updated once in several itera-
tions. Within each Newton iteration, the sparse lin-
ear system is solved by preconditioned Krylov methods
[30] such as the generalized minimum residual (GMRES)
method [31, 32] and the bi-conjugate gradient stabilized
(BCGSTAB) method [33]. The weak boundary condi-
tion (23) is solved using an inexact Newton method with
backtracking for enhanced convergence and stability [34].
The segregated solver [24] is used with a relative toler-
ance of 0.001. Two segregated steps decoupling the hy-
drodynamics and the director equations are set up. The
solution domain is meshed with free triangular elements
(first shape order) and around 180,000 degrees of freedom
are solved for. Boundary layer meshing of five layers is
constructed near the no-slip boundaries.
For the particle dynamics calculation, the time-
dependent solver is utilized with a relative tolerance
of 10−4 along with the moving mesh method based
on Arbitrary Lagrangian–Eulerian (ALE) formulation
[29, 35, 36], which enables the moving boundaries without
the need for mesh movement. This allows for mesh de-
formation with the translation of the physical boundary.
Smoothing the deformation (because of the movement of
the interior nodes) throughout the domain is achieved by
solving the hyperelastic [37, 38] smoothing partial differ-
ential equation with the boundary conditions specified by
the particle boundary movement. Second-order shape el-
ements are used to mesh the geometry in the case of free
deformation with particle movement. The spatial deriva-
tives of the dependent variables are now transformed with
respect to the new transformed coordinates. The dis-
placement of the particle boundary is related to their
respective velocities (X˙P , Y˙P ). When the mesh deforma-
tion produces a low-element quality (defined as the ratio
of the inscribed to circumscribed circles radii for each
simplex element), where the minimum element quality is
less than 0.3 (it is 0 for the degenerated element and 1
for the best possible element), remeshing of the entire
domain is done and the simulation progresses.
III. RESULTS AND DISCUSSION
A. Static particle and no fluid flow
The equilibrium director profiles and the order param-
eter S are first calculated in the absence of a flow field
U = V = 0 (equivalently Er = 0). In this case, we
only need to solve Eqs. (20) and (21), which reduce re-
spectively to H11 = H12 = 0. These are solved subject
to the boundary conditions in Eqs. (22) and (23). We
vary the anchoring strength at the particle surface from
weak to strong (homeotropic) anchoring (Fig. 2). Sur-
face anchoring strengths can in practice be altered by
photo-excitation [39], electric or magnetic fields [40, 41]
or chemical surface functionalization [42]. Defects near
the boundary along the axial symmetry line (Y = 0, both
on the east and west side) are observed, which is in line
with the literature reports [43–46]. The contours of the
order parameter are also qualitatively similar to the re-
port of Fukuda et al. [13] and Sengupta et al. [47].
FIG. 2. Orientation of the director field around the par-
ticle with homeotropic boundary conditions on the channel
walls with zero flow field (Er = 0) for R = 0.3. The an-
gle of the director orientation, θ (quiver angle) is given by
θ = 1
2
tan−1(Q12/Q11). The anchoring strength on the par-
ticle surface is varied from weak to strong. (a) logW = 0,
(b) logW = 0.8, (c) logW = 1 and (d) logW = 2. The solid
lines represent the director profiles (θ) and the background
contour represent the magnitude of the order parameter S.
Due to symmetry we show only half of the channel. The val-
ues of the relevant parameters used for the calculation are
given in Table I.
The director field inclination at the particle surface
6is very susceptible to the magnitude of W in the range
of 0.5 < logW < 1 for R = 0.3 (Fig. 3). Within this
range the anchoring switches from being effectively uni-
form (zero anchoring) to homeotropic (strong anchoring).
Symmetry enforces that θ(φ − pi2 ) = −θ( − φ − pi2 ) for−pi ≤ φ ≤ 0 and θ(φ+ pi2 ) = −θ(− φ+ pi2 ) for 0 ≤ φ ≤ pi.
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FIG. 3. Variation of the director angle on the particle surface
with angular location as the anchoring strength is increased
with logW = −3, 0, 0.5, 0.8, 0.9, 1 and 2, with zero flow field
(Er = 0) for R = 0.3. The particle is located at the centre
of the channel with homeotropic boundary conditions. The
values taken for all other parameters used for the calculation
are given in Table I.
The effect of the particle size relative to the channel
dimension has a profound influence on the director ori-
entation (Fig. 4). The impact of the particle size is most
pronounced in the case of strong anchoring (increasing
W ). This is because, with increasing particle size, the
distance between the particle surface and channel walls
reduces, which induces strong coupling between the di-
rectors on the particle surface and channel walls. As in
the situation observed in Fig. 3, there is a narrow range
of R over which the director orientation switches from
uniform to homeotropic on the particle boundary. The
values of R in this transition region decrease with increas-
ing W (Fig. 4). For example, in the case of W = 3.2 the
transition occurs in between 0.7 < R < 0.8 (Fig. 4b),
whereas for W = 10, this occurs at 0.1 < R < 0.3 (Fig.
4c).
B. Static particle with fluid flow effects
We now consider the case where we include a flow field
within the microchannel but hold the particle in place.
Here we solve the Eqs. (15), (16), (20), (21) subject to
Eqs. (17)–(19), (22), (23). We consider the steady-state
situation for the director field, and so set ∂Q/∂T = 0 in
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FIG. 4. Variation of the director angle on the particle sur-
face, with zero flow field (Er = 0) with different particle sizes
and anchoring strength, (a) logW = 0, (b) logW = 0.5 (in-
set: qualitative visualization of the director orientation cor-
responding to R = 0.1 and 0.8), and (c) logW = 1. Note
that the particle is located at the centre of the channel with
homeotropic boundary conditions. The values taken for all
other parameters used for the calculation are given in Table I.
The arrow represents the particle size in increasing order, as
R = 0.1, 0.3, 0.5, 0.7 and 0.8.
7Eq. (20) and (21). This corresponds to a situation before
a particle is allowed to move and also resembles a system
with an obstacle. We increase the Ericksen number by
increasing the strength of the flow field (u0) (maintain-
ing the condition of Re  1) and observe three distinct
regimes: weak, moderate and strong. For small Er, the
director profiles remain almost undistorted compared to
the previous section. Here the nematic forces dominate
over the viscous forces and the flow profile significantly
deviates from Poiseuille flow (Fig. 5a).
There are two stable topologically distinct states for
the director field, known as the horizontal (H) and verti-
cal (V) states (Fig. 5d), based on the director orientation
profile. The H and V states have different orientations
at the channel centre (H-state, θ = 2npi and in V-state,
θ = (n+ 0.5)pi where n = 0, 1, 2, 3...). In the H-state the
directors splay, whereas in the V-state they tend to bend
[48]. In the moderate flow regime (Fig. 5b), one primar-
ily observes the V-state and the flow begins to assume a
parabolic profile (Fig. 5b). As we increase the flow rate
(i.e., increase Er) further, the effect of the NLC stress on
the hydrodynamics weakens (see Eqs. 15 and 16). The
director field transitions from the V-state to the more
energetically favourable H-state configuration (Fig. 5c,d)
and the flow assumes a fully developed Poiseuille pro-
file. (Fig. 5c) [49]. This is in line with the experimental
observations of Sengupta et al. [2].
Of principal interest is the force experienced by a par-
ticle that is placed into the microchannel as a result of
the viscous and elastic stresses exerted on the particle
surface, given by Eq. (24), since this ultimately dictates
the motion of the particles within the flow. Since the
particle is placed at the centre of the channel, the overall
lift force (Fy) is zero due to symmetry and the only force
experienced is in the x direction, Fx (drag). As the flow
field increases (through increasing Er), the force exerted
on the particle increases, as expected, in the direction of
the hydrodynamic pressure gradient (Fig. 6a).
When the anchoring strength on the particle is in-
creased the driving force experienced by the particle in-
creases (Fig. 6b). This suggests that tuning the particle
surface anchoring conditions by external stimuli, such as
by photo-excitation [39] or an electric field [40] could re-
sult in acceleration of the particle, leading to spatial re-
organization in the nematohydrodynamic field.
An interesting observation is made on the dependence
of the force on the particle size. The viscous force on
a particle due to the hydrodynamic flow increases pro-
portionally with particle radius [50]. However, as the
particle size is increased the effect of attractive normal
boundary conditions on the channel walls is felt i.e., the
director field is normal to both the channel surfaces and
the particle boundary for large W and this induces an at-
traction of the particle towards the channel walls, which
resists the viscous stresses in the x direction. As a result,
a critical particle size exists for which the force is maxi-
mum (R ≈ 0.56 for the parameters considered in Fig. 6c).
Coupled with the observations on particle force variations
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FIG. 5. Profiles of the director orientation for (a) Er = 0.001
(weak flow), (b) Er = 0.1 (intermediate flow), (c) Er = 10
(strong flow). Due to symmetry we show only half of the
channel. (d) V and H state configurations of the director
alignment [49]. The background colour contour represents the
axial velocity field. Here R = 0.3. The bottom edge of the
domain is the symmetry condition. Homeotropic anchoring
conditions are maintained on the channel walls as well as on
the particle surface (W →∞). The values taken for all other
parameters used for the calculation are given in Table I.
with anchoring strength and flow rate we see that the use
of NLC could offer potential mechanisms for enhancing
or impeding the transport of different cargo within a mi-
crochannel. Controlling the resistance to the motion of
certain particles could also provide a new mechanism for
particle self-assembly.
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FIG. 6. The axial force Fx experienced on a static particle
as a function of the (a) Ericksen number (Er); (b) particle
surface anchoring strength (logW ); and (c) particle size (R).
The reference values of the parameters are R = 0.3, Er = 1
and logW = 3. The values for all other parameters used for
the calculation are given in Table I.
C. Particle dynamics with fluid flow
1. Single particle
We now study the director profiles and particle tra-
jectories when we allow the particle to move in response
to the nematohydrodynamic field. Here we consider a
specific Ericksen number (Er = 0.02) where the NLC
elastic forces dominate over viscous forces [13, 47, 51]. In
this case we must solve the transient set of Eqs. (20)–
(23) together with the flow hydrodynamics in Eqs. (11),
(15)–(19). The particles are initially considered to be sta-
tionary (X˙P = Y˙P = 0) and released into the flow, and
the initial condition for the NLC and the fluid flow is
the equilibrium configuration assumed when keeping the
particle position fixed (as found in Section III B). Also,
we impose strong anchoring conditions on the particle
surface. To compare this situation with a Newtonian
fluid we simply set the elastic constant, κ = 0 (thereby
Er →∞).
In the Newtonian case the cross-plane position Y = 0
corresponds to a stable equilibrium: if we release a par-
ticle from Y 6= 0 then the particle will evolve towards
the centre as a result of the viscous stress exerted on the
particle [52]. This behaviour is also observed for the val-
ues of the NLC parameters considered in Fig. 7, with
relaxation approximately following an exponential decay
to Y = 0 (Fig. 8a). However, there are now two op-
posing forces that act on the particle: the first, due to
the viscous forces, arises as a result of the difference in
shear stresses between the bottom and top of the par-
ticle (with the lower shear stress on the side closest to
the wall), which acts to restore the particle towards the
centre (this is the only force in a Newtonian flow) [52];
the second arises due to the NLC, which generates an
attractive force between the strongly anchored channel
wall and the particle surface [53]. This attractive force
opposes the particle motion towards the centre, increas-
ing the time taken to reach the centre, compared with
the case of a Newtonian flow field (Fig. 8a).
FIG. 7. Snapshots showing the time evolution of a particle
placed inside a NLC microchannel with initial position Y =
0.5 as it relaxes towards the centre: (a) T = 0; (b) T = 12.5;
and (c) T = 100. Here R = 0.3 and Er = 0.02. The anchoring
conditions on the particle and channel walls are homeotropic.
The values for all other parameters used for the calculation
are given in Table I.
Examining the velocity profiles in Fig. 8b, the particle
decelerates as it migrates towards the centre. In the case
of nematic fluid, the deceleration is slower compared to
the Newtonian fluid because of the presence of the elastic
forces and interactions with the strongly anchored neigh-
9bouring channel wall.
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FIG. 8. Time evolution of a particle (black lines) that begins
at position Y = 0.5 as it relaxes towards the centre Y =
0 in a NLC: (a) vertical coordinate of particle centre and
(b) Y -component of the particle velocity. Here R = 0.3 and
Er = 0.02. The anchoring conditions on the particle and
channel walls are homeotropic. The dotted line (in blue) is
the behaviour of the particle in a viscous Newtonian flow,
obtained by setting the elastic constant, κ = 0 leading to
Er →∞. The values taken for all other parameters used for
the calculation are given in Table I.
Since there exists a competition between the elastic
stresses (due to the NLC) and the viscous forces on the
colloidal particle, we hypothesize that there may be a
critical vertical position for which the particle might mi-
grate towards the wall instead of the centre. To explore
this, we analyse the lift force on the colloidal particle
at T = 0 to determine whether it migrates towards the
centre (FY < 0 since the particle is located at Y > 0 ini-
tially) or the wall (FY > 0). An unstable equilibrium is
indeed found, at a critical vertical position, Y ∗P , for which
the total lift force is zero (Fig. 9a). With increasing
Er, the lift force approaches the limit of the Newtonian
flow, where the particle always migrates towards the cen-
tre irrespective of its position. The present observation
suggests that, with a uniform particle distribution in the
channel, the particles located on either side of the critical
YP would separate out moving either towards the wall or
towards the centre. This is somewhat similar to the situ-
ation of a Newtonian flow through a channel with porous
walls, where the particles tend to flow towards the wall
due to the transverse velocity induced by the suction (dif-
ference in pressure across the porous wall). However, in
this analogy all particles would eventually deposit on (or
penetrate) the wall, while in the NLC case only a frac-
tion of the introduced particles would attach to the wall
while the remainder would move to the channel centre.
The critical Y location is dependent on the size of the
particle and Ericksen number (Fig. 9b). With increasing
particle size, the director interaction is stronger therefore
reducing the overall lift force, yielding smaller values of
Y ∗P , as observed from Fig. 9b.
2. Dual particle system
When two particles are released side by side (with
zero initial velocities X˙P = Y˙P = 0 starting from
X = 0, Y = ±0.5) within the microchannel, the presence
of the attractive NLC forces between two homeotropi-
cally anchored particle surfaces results in significantly
increased velocities in the Y direction, with the parti-
cles eventually touching one another (Fig. 10, 11). Upon
agglomeration, the overall drag force is adjusted accord-
ing to Fig. 6c. We observe that there are two stages in
the dynamics of two particles inside a NLC microchan-
nel. The first stage corresponds to the two isolated parti-
cles attracting each other and moving towards each other
in a straight line (T . 0.35). In the second stage, the
agglomerate reorients due to the quadrupolar interac-
tions (0.35 . T . 1.1) (Fig. 11) [3, 54]. Due to the
presence of quadrupolar interactions [3, 54], the particles
tend to reorient themselves with the angle of inclination
θp ≈ 39o, with respect to the horizontal axis Y = 0
measured in the anti-clockwise direction. This is corrob-
orated by Mondiot et al. [55] who find an angle of in-
clination θp =
√
arccos(4/7) ≈ 40.9o, obtained by mini-
mizing the quadrupolar interaction energy. This colloidal
particle re-orientation is driven by the minimum energy
configuration state as described in [56]. The experimen-
tal observations presented in the literature also support
the attractive force in the direction of the quadrupolar
interactions [53, 57–59]. The calculation of the Landau-
de Gennes free energy of the two isolated particles sug-
gests that the minimum energy depends on θp and the
separation distance [53]. Essentially, one would expect a
re-orientation and re-alignment of the dual particle sys-
tem as the separation gap closes, as is observed in our
numerical experiment.
3. Triple-particle system
Finally, we consider the nematohydrodynamic effects
on the mechanics of a triple-particle system (Fig. 12),
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FIG. 9. (a) The lift force (FY ) experienced by the particle
at different initial Y locations (of the particle centre) in the
top half of the channel (Y > 0), for R = 0.3. The three
solid curves are for nematic liquid with Er = 0.02, 0.2 and 2.
The anchoring conditions on the particle and channel walls
are homeotropic. If FY < 0 the particle migrates towards
the centre. For the Newtonian liquid (obtained by setting the
elastic constant κ = 0, thus Er → ∞), the particle migrates
towards the centre for all particle radii, R [52]. (b) Variation
of the critical Y position of the particle, Y ∗P (at T = 0 for
which FY = 0) as a function of the Ericksen number for two
different particle sizes. The values taken for all other parame-
ters used for the calculation are given in Table I. The bound-
ary conditions on the particle surfaces and channel walls are
homeotropic.
each having radii R = 0.2. We begin with a config-
uration in which one particle is placed at the centre
X = Y = 0 while the other two particles are placed
at positions X = −2, Y = ±0.5. Initially all the par-
ticles are held stationary (X˙P = Y˙P = 0 at T = 0).
For early times (for T . 0.1) the two particles initially
at X = −2, Y = ±0.5, aggregate before approaching
the third (central) particle (Fig. 12a,b,c). As the two-
particle agglomerate approaches (at a higher velocity
compared to the central particle), the central particle
accelerates before the agglomerate binds to the central
particle (Fig. 13c). When the two-particle agglomer-
ate finally catches up with the single particle, the parti-
FIG. 10. Snapshots showing the evolution with time of two
particles placed in a microchannel located at X = 0, Y =
±0.5, as they approach each another and agglomerate: (a)
T = 0; (b) T = 0.125; (c) T = 0.5; and (d) T = 1.5 (at
which point the particles have reached their equilibrium con-
figuration). Here R = 0.3 and Er = 0.02. The anchoring
conditions on the particle and channel walls are homeotropic.
The values taken for all other parameters used for the calcu-
lation are given in Table I. The boundary conditions on the
particle surfaces and channel walls are homeotropic.
cles align themselves as an equiangular system (joining
the centres forms an equilateral triangle) to minimize the
overall energy, due to the quadrupolar interactions (Fig.
12d).
There are three distinct velocity zones observed in this
figure.
(i) For T . 0.16, the two off-centred particles approach
one another while accelerating towards the third, central,
particle. After these two particles aggregate the overall
drag driving the particle in the X direction increases (as
predicted by Fig. 6c), since the cumulative size of the
dual-particle agglomerate is less than the critical size in
Fig.6c. The isolated central third particle is largely un-
affected by the two other particles during this process.
(ii) For 0.16 . T . 0.375, the agglomerate ap-
proaches the isolated particle at a higher X-velocity than
the central particle. Since the timescale of the final
re-orientation of the dual-particle system (due to the
quadrupolar interactions) is longer (formed after T ≈ 1
as seen in Fig. 11a), the two-particle globule catches up
with the central particle before the transitional reorien-
tation can occur as observed in the dual-particle system.
(iii) For T & 0.375, the three particles attach to each
other to form a triple agglomerate that moves as a whole.
We note that a triplet formed of individual particles
(of size R) can be treated to have an effective size of
(1 +
√
3)R ≈ 0.54 (for R = 0.2), which is below the size
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FIG. 11. Time evolution of two particles that start at posi-
tions Y = ±0.5, relaxing towards the equilibrium configura-
tion: (a) vertical coordinates of the particle centres; and (b)
Y -component of the particle velocities. Here R = 0.3 and
Er = 0.02. The anchoring conditions on the particle and
channel walls are strongly homeotropic. The values taken for
all other parameters used for the calculation are given in Ta-
ble I. The boundary conditions on the particle surfaces and
channel walls are homeotropic.
that maximizes the drag, Rmax = 0.56 in Fig. 6c. This
results in an increased velocity of the agglomerate due
to the enhanced drag as seen by Fig. 6c, by considering
the effective size of the aggregate relative to individual
particle sizes.
FIG. 12. Snapshots showing the evolution with time of three
particles placed in a microchannel located at X = −0.2, Y =
±0.5 and X = 0, Y = 0: (a) T = 0; (b) T = 0.1; (c) T = 0.3;
and (d) T = 0.5 (at which point the three-particle system
has reached equilibrium). Here R = 0.2 and Er = 0.02.
The anchoring conditions on the particle and channel walls
are strongly homeotropic. All other parameters used for the
calculation are given in Table I. The boundary conditions on
the particle surfaces and channel walls are homeotropic.
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FIG. 13. Time evolution of three particles that begin at po-
sitions X = −2, Y = ±0.5 and X = 0, Y = 0, relaxing
towards the equilibrium: (a) vertical coordinates of particle
centres; (b) Y -components of the particle velocities and (c)
X-components of the particle velocities. Here R = 0.2 and
Er = 0.02. The anchoring conditions on the particle and
channel walls are strongly homeotropic. All other parameter
values used for the calculation are given in Table I.
IV. CONCLUSIONS
We have conducted a batch of numerical experiments
on particles immersed in a NLC microfluidic cell, mo-
tivated by recent experimental work, to investigate the
role of the anchoring on particle boundaries, the parti-
cle size and the Ericksen number in both the transient
dynamics and the long-term dynamics. In the single-
particle case, we numerically studied the lift force on
particle inclusions and how this force may be used for
particle separation, with particle deposition on the walls
and particle movement towards the channel centre as a
function of initial locations. While the reorientation of
a two-particle globule in a NLC environment has been
reported in the literature, we investigate the dynamics:
the attraction stage, the attachment stage, and the re-
orientation stage. One could perform parametric sweeps
with different initial conditions or different initial loca-
tions of the two or three particles to determine the solu-
tion landscape. It is not a priori clear how the particles
will approach each other, for example if the two parti-
cles do not begin vertically on top of each other as in
our example, they might approach the centre and then
assemble as a linear chain propagating along the chan-
nel. The three-particle dynamics is much richer. If the
two-particle globule has time to reorient before attach-
ing to the third central particle (the two-particle globule
does not have time to reorient in our example), then the
final three-particle globule may have a different shape or
different dynamics. The examples presented here have
illustrated a variety of phenomena that are not observed
in a Newtonian fluid. The results demonstrate the rich
hydrodynamic landscape for NLC microfluidics and how
the coupling between flow, anchoring, particle sizes and
NLC order may tune or control experimentally observed
phenomena.
ACKNOWLEDGEMENTS
The authors gratefully acknowledge helpful discussions
with L. J. Cummings and D. Vigolo. AM and IMG
are grateful for discussions on nematic microfluidics with
A. Sengupta and for the UK Fluids Network Short Re-
search Visit scheme for facilitating our collaboration.
SM is grateful to EPSRC and the Royal Society for
financial support. AM’s research is supported by an
EPSRC Career Acceleration Fellowship EP/J001686/1
and EP/J001686/2, an OCIAM Visiting Fellowship and
the Advanced Studies Centre at Keble College. IMG
gratefully acknowledges support from the Royal Society
through a University Research Fellowship.
13
[1] J. P. F. Lagerwall and G. Scalia. A new era for liquid
crystal research: Applications of liquid crystals in soft
matter nano-, bio-and microtechnology. Current Applied
Physics, 12(6):1387–1412, 2012.
[2] A. Sengupta, U. Tkalec, M. Ravnik, J. M. Yeomans,
C. Bahr, and S. Herminghaus. Liquid crystal mi-
crofluidics for tunable flow shaping. Phys. Rev. Lett.,
110:048303, Jan 2013.
[3] O. D. Lavrentovich. Transport of particles in liquid crys-
tals. Soft Matter, 10:1264–1283, 2014.
[4] I.-H. Lin, G. M. Koenig Jr, J. J. de Pablo, and N. L. Ab-
bott. Ordering of solid microparticles at liquid crystal–
water interfaces. J. Phys. Chem. B, 112(51):16552–
16558, 2008.
[5] M. Sˇkarabot, M. Ravnik, S. Zˇumer, U. Tkalec, I. Poberaj,
D. Babicˇ, N. Osterman, and I. Musˇevicˇ. Interac-
tions of quadrupolar nematic colloids. Phys. Rev. E,
77(3):031705, 2008.
[6] I. Musˇevicˇ, M. Sˇkarabot, U. Tkalec, M. Ravnik, and
S. Zˇumer. Two-dimensional nematic colloidal crys-
tals self-assembled by topological defects. Science,
313(5789):954–958, 2006.
[7] L. Giomi, L. Mahadevan, B. Chakraborty, and M. F.
Hagan. Banding, excitability and chaos in active nematic
suspensions. Nonlinearity, 25(8):2245, 2012.
[8] C. Tsakonas, A. J. Davidson, C. V. Brown, and N. J.
Mottram. Multistable alignment states in nematic liq-
uid crystal filled wells. Appl. Phys. Lett., 90(11):111913,
2007.
[9] H. Kusumaatmaja and A. Majumdar. Free energy path-
ways of a multistable liquid crystal device. Soft Matter,
11(24):4809–4817, 2015.
[10] C. Luo, A. Majumdar, and R. Erban. Multistability in
planar liquid crystal wells. Phys. Rev. E, 85(6):061702,
2012.
[11] M. Robinson, C. Luo, P. E. Farrell, R. Erban, and
A. Majumdar. From molecular to continuum modelling
of bistable liquid crystal devices. Liquid Crystals, pages
1–18, 2017.
[12] G.-Q. Chen, A. Majumdar, D. Wang, and R. Zhang.
Global existence and regularity of solutions for active liq-
uid crystals. J. Diff. Eq., 263(1):202–239, 2017.
[13] J.-I. Fukuda, H. Stark, M. Yoneya, and H. Yokoyama.
Dynamics of a nematic liquid crystal around a spheri-
cal particle. J. Phys.: Condensed Matter, 16(19):S1957,
2004.
[14] D. Marenduzzo, E. Orlandini, and J. M. Yeomans. Hy-
drodynamics and rheology of active liquid crystals: A
numerical investigation. Phys. Rev. Lett., 98(11):118102,
2007.
[15] A. M. Sonnet, P. L. Maffettone, and E. G. Virga. Con-
tinuum theory for nematic liquid crystals with tensorial
order. J. Non-Newtonian Fluid Mechanics, 119(1):51–59,
2004.
[16] P. G. De Gennes. Short range order effects in the isotropic
phase of nematics and cholesterics. Molecular Crystals
and Liquid Crystals, 12(3):193–214, 1971.
[17] M. E. Cates, O. Henrich, D. Marenduzzo, and K. Strat-
ford. Lattice Boltzmann simulations of liquid crys-
talline fluids: active gels and blue phases. Soft Matter,
5(20):3791–3800, 2009.
[18] T. B. Liverpool and M. C. Marchetti. Rheology of active
filament solutions. Phys. Rev. Lett., 97(26):268101, 2006.
[19] A. N. Beris and B. J. Edwards. Thermodynamics of Flow-
ing Systems: with Internal Microstructure. Oxford Engi-
neering Science Series. Oxford University Press, 1994.
[20] J. Happel and H. Brenner. Low Reynolds number hydro-
dynamics: with special applications to particulate media,
volume 1. Springer Science & Business Media, 2012.
[21] H. Stark, D. Ventzki, and M. Reichert. Recent devel-
opments in the field of colloidal dispersions in nematic
liquid crystals: the stokes drag. J. Phys.: Condensed
Matter, 15(1):S191, 2002.
[22] H. Stark and D. Ventzki. Stokes drag of spherical parti-
cles in a nematic environment at low Ericksen numbers.
Phys. Rev. E, 64(3):031711, 2001.
[23] T. G. Anderson, E. Mema, L. Kondic, and L. J. Cum-
mings. Transitions in Poiseuille flow of nematic liquid
crystal. Int. J. Non-Linear Mech., 75:15–21, 2015.
[24] R. W. Pryor. Multiphysics modeling using COMSOL: a
first principles approach. Jones & Bartlett Publishers,
2009.
[25] C. Siegel. Review of computational heat and mass trans-
fer modeling in polymer-electrolyte-membrane (PEM)
fuel cells. Energy, 33(9):1331–1352, 2008.
[26] L. Cai and R. E. White. Mathematical modeling of a
lithium ion battery with thermal effects in COMSOL
Inc. Multiphysics (MP) software. J. Power Sources,
196(14):5985–5989, 2011.
[27] Q. Li, K. Ito, Z. Wu, C. S. Lowry, I. I. Loheide, and
P. Steven. COMSOL multiphysics: A novel approach to
ground water modeling. Ground Water, 47(4):480–487,
2009.
[28] A. W. M. Van Schijndel. Integrated modeling of dy-
namic heat, air and moisture processes in buildings and
systems using Simulink and COMSOL. Building Simula-
tion, 2(2):143–155, 2009.
[29] H. H. Hu, N. A. Patankar, and M. Y. Zhu. Direct nu-
merical simulations of fluid–solid systems using the ar-
bitrary Lagrangian–Eulerian technique. J. Comp. Phys.,
169(2):427–462, 2001.
[30] H. C. Elman, D. J. Silvester, and A. J. Wathen. Finite
elements and fast iterative solvers: with applications in
incompressible fluid dynamics. Oxford University Press,
2014.
[31] Y. Saad and M. H. Schultz. Gmres: A generalized min-
imal residual algorithm for solving nonsymmetric linear
systems. SIAM J. Scientific and Statistical Computing,
7(3):856–869, 1986.
[32] Y. Saad. A flexible inner-outer preconditioned GMRES
algorithm. SIAM J. Scientific Computing, 14(2):461–469,
1993.
[33] R. Barrett, M. W. Berry, T. F. Chan, J. Demmel, J. Do-
nato, J. Dongarra, V. Eijkhout, R. Pozo, C. Romine, and
H. Van der Vorst. Templates for the solution of linear sys-
tems: building blocks for iterative methods, volume 43.
SIAM, 1994.
[34] S. C. Eisenstat and H. F. Walker. Choosing the forcing
terms in an inexact Newton method. SIAM J. Scientific
Computing, 17(1):16–32, 1996.
[35] J. Donea, S. Giuliani, and J.-P. Halleux. An arbitrary
Lagrangian-Eulerian finite element method for transient
14
dynamic fluid–structure interactions. Computer Methods
in Applied Mechanics and Engineering, 33(1-3):689–723,
1982.
[36] R. W. Anderson, N. S. Elliott, and R. B. Pember.
An arbitrary Lagrangian–Eulerian method with adaptive
mesh refinement for the solution of the euler equations.
J. Comp. Phys., 199(2):598–617, 2004.
[37] T. Yamada and F. Kikuchi. An arbitrary Lagrangian-
Eulerian finite element method for incompressible hyper-
elasticity. Computer Methods in Applied Mechanics and
Engineering, 102(2):149–177, 1993.
[38] C. W. Curtis and M. L. Calvisi. Axisymmetric model of
an intracranial saccular aneurysm: Theory and compu-
tation. In ASME 2013 International Mechanical Engi-
neering Congress and Exposition, pages V009T10A054–
V009T10A054. American Society of Mechanical Engi-
neers, 2013.
[39] T. Ikeda. Photomodulation of liquid crystal orientations
for photonic applications. J. Mater. Chem., 13:2037–
2057, 2003.
[40] H. J. Deuling. Deformation of nematic liquid crystals in
an electric field. Molecular Crystals and Liquid Crystals,
19(2):123–131, 1972.
[41] M. Schadt and W. Helfrich. Voltage-dependent optical
activity of a twisted nematic liquid crystal. Appl. Physics
Lett., 18(4):127–128, 1971.
[42] B. Jerome. Surface effects and anchoring in liquid crys-
tals. Reports on Progress in Physics, 54(3):391, 1991.
[43] O. V. Kuksenok, R. W. Ruhwandl, S. V. Shiyanovskii,
and E. M. Terentjev. Director structure around a
colloid particle suspended in a nematic liquid crystal.
Phys. Rev. E, 54(5):5198, 1996.
[44] J. Fukuda and H. Yokoyama. Stability of the director pro-
file of a nematic liquid crystal around a spherical particle
under an external field. Eur. Phys. J. E, 21(4):341–347,
2006.
[45] G. To´th, C. Denniston, and J. M. Yeomans. Hydrody-
namics of topological defects in nematic liquid crystals.
Phys. Rev. Lett., 88(10):105504, 2002.
[46] R. W. Ruhwandl and E. M. Terentjev. Monte Carlo sim-
ulation of topological defects in the nematic liquid crystal
matrix around a spherical colloid particle. Phys. Rev. E,
56(5):5561, 1997.
[47] A. Sengupta, S. Herminghaus, and B. Bahr. Liquid crys-
tal microfluidics: surface, elastic and viscous interactions
at microscales. Liquid Crystals Reviews, 2(2):73–110,
2014.
[48] M. J. Towler, E. J. Acosta, H. G. Walton, C. Tombling,
M. D. Tillin, B. Henley, E. J. Walton, T. Kawamura,
A. Fujii, and Y. Yamada. Liquid crystal display device.
US Patent 6,714,276, 2004.
[49] S. A. Jewell, S. L. Cornford, F. Yang, P. S. Cann,
and J. R. Sambles. Flow-driven transition and asso-
ciated velocity profiles in a nematic liquid-crystal cell.
Phys. Rev. E, 80(4):041706, 2009.
[50] L. G. Leal. Advanced transport phenomena: fluid me-
chanics and convective transport processes. Cambridge
University Press, 2007.
[51] R. W. Ruhwandl and E. M. Terentjev. Friction drag on
a cylinder moving in a nematic liquid crystal. Zeitschrift
fu¨r Naturforschung A, 50(11):1023–1030, 1995.
[52] B. H. Yang, J. Wang, D. D. Joseph, H. H. Hu, T.-W.
Pan, and R. Glowinski. Migration of a sphere in tube
flow. J. Fluid Mech., 540:109–131, 2005.
[53] M. Tasinkevych and D. Andrienko. Colloidal particles in
liquid crystal films and at interfaces. Condensed Matter
Phys., 13(3):1–20, 2010.
[54] T. Turiv, I. Lazo, A. Brodin, B. I. Lev, V. Reiffen-
rath, V. G. Nazarenko, and O. D. Lavrentovich. Ef-
fect of collective molecular reorientations on brownian
motion of colloids in nematic liquid crystal. Science,
342(6164):1351–1354, 2013.
[55] F. Mondiot, R. Botet, P. Snabre, O. Mondain-Monval,
and J.-C. Loudet. Colloidal aggregation and dynam-
ics in anisotropic fluids. Proc. Nat. Academy Sciences,
111(16):5831–5836, 2014.
[56] B. Senyuk, O. Puls, M. Tovkach, S. B. Chernyshuk, and
I. I. Smalyukh. Hexadecapolar colloids. Nature Comm.,
7, 2016.
[57] M. S. Al-Barwani, G. S. Sutcliffe, and M. P. Allen.
Forces between two colloidal particles in a nematic sol-
vent. J. Phys. Chem. B, 108(21):6663–6666, 2004.
[58] K. Takahashi, M. Ichikawa, and Y. Kimura. Direct mea-
surement of force between colloidal particles in a nematic
liquid crystal. J. Phys.: Condensed Matter, 20(7):075106,
2008.
[59] K. Takahashi, M. Ichikawa, and Y. Kimura. Force be-
tween colloidal particles in a nematic liquid crystal stud-
ied by optical tweezers. Phys. Rev. E, 77(2):020703, 2008.
